Abbreviations: BP, blood pressure; HOMA, homeostasis model assessment; HPLC, high-performance liquid chromatography; SAH, S-adenosyl-L-homocysteine; S I , insulin sensitivity index; tHcy, total homocysteine.
T he elevated plasma total homocysteine (tHcy) concentration is considered an independent risk factor for atherosclerotic disease in subjects with normal glucose tolerance (1-3).
Although type 2 diabetes is definitely associated with premature atherosclerosis (4, 5) , only a handful of studies have dealt with the association between hyperhomocysteinemia and macro-or microangiopathic complications (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Plasma tHcy can be affected by both glomerular hyper-and hypofiltration, two conditions not uncommon in type 2 diabetes that can respectively decrease and increase the tHcy value (6, 16, 17) . The significance of hyperhomocysteinemia in type 2 diabetes is further complicated by the multiple ways of considering impaired renal function: decreased creatinine clearance, albuminuria, or both (6, 7, 11, 14, (16) (17) (18) . Even less information is available on the relationship between tHcy and the degree of insulin resistance, which is another cardiovascular risk determinant in type 2 diabetes.
Therefore, we measured plasma tHcy in a cohort of type 2 diabetic patients and assessed whether high values were related to chronic complications, particularly macroangiopathy and nephropathy. We also analyzed the relationship between tHcy and the degree of insulin resistance, as measured by the homeostasis model assessment (HOMA).
RESEARCH DESIGN AND METHODS -A total of 122
consecutive type 2 diabetic in-and outpatient subjects (40 men and 82 women) participated in the study. Their age and diabetes duration (mean ± 1 SD) were 63 ± 10 and 14 ± 9 years, respectively. Their BMI was 30 ± 6 kg/m 2 . Medical conditions known to increase tHcy (e.g., dysthyroidism) were excluded. Glycemic control, assessed by the level of HbA 1c , was 8.6 ± 2.0%. The C-peptide level was 0.96 ± 0.44 pmol/ml. Metformin or insulin therapy was administered (either alone or in combination with sulfonylureas) in 53 and 45% of the patients, respectively. Sulfonylureas were administered to 58% of the subjects. The cohort was divided in two groups according to their fasting plasma tHcy levels: group 1 had increased tHcy (Ͼ15.0 µmol/l, n = 38, 31% of the cohort), whereas group 2 had normal laboratory values (between 5.0 and 15.0 µmol/l, n = 84). This threshold was selected from published data that defined high and normal tHcy levels (3, 19, 20) .
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Assays
Homocysteine was measured on heparinized plasma using a fluorescence polarization immunoassay on an IMx analyzer (Abbott Diagnostics). The samples had been centrifuged within 2 h and kept frozen until analysis. For homocystine assaying, protein bound homocysteine and mixed disulfide forms of homocysteine were reduced to free homocysteine by dithiotreitol. Homocysteine was converted to S-adenosyl-L-homocysteine (SAH) by use of hydrolase and excess adenosine. SAH and fluoresceinlabeled S-adenosyl-cysteine were used as markers in the competition immunoassay with binding to mouse monoclonal antibody. Assay analytical performance was evaluated by running in duplicate two series of homocysteine control samples (7, 12.5, and 25 µmol/l) on 5 consecutive days, resulting in interassay reproducibility (coefficient of variation) ranging from 1.61 to 2.01%, with the limit of detection estimated at 0.4 µmol/l (95% confidence). This rapid and automated assay correlated well with a reference high-performance liquid chromatography (HPLC) method (r Ͼ 0.90). The normal range for an adult control population (n = 103) was 9.3 ± 4.7 µmol/l, with a median value of 8.5 µmol/l. HbA 1c levels were determined by ion-exchange HPLC. Vitamin B 12 and folic acid levels were determined by radioimmunoassay methods, as were plasma insulin and C-peptide concentrations.
HOMA assessment of insulin resistance and ␤-cell function This noninvasive method is based on a structural computer model of a glucose/ insulin feedback system that incorporates mathematical descriptions of the function and interactions of various organs involved in plasma glucose control. It is based on empirical data, and reproduces physiological reality in a "reference individual," in that it will find the equilibrium point of fasting plasma glucose, insulin, C-peptide, and proinsulin, and it can predict the plasma glucose, insulin, C-peptide, and proinsulin concentrations for any possible combination of these parameters in the fasting state. The model is applicable to nondiabetic, glucose-intolerant, and diabetic individuals. It was described by Matthews et al. (21) and Hosker et al. (22) , and the part of the model dealing with insulin and C-peptide secretion and kinetics was described by Rudenski et al. (23) . The mathematical structure of the model was upgraded in the aspects relating insulin and glucose sensitivity (24) to the influence of proinsulin in the model (allowing its use with nonspecific or specific insulin assays) and to the contribution of glycosuria to plasma glucose (25, 26) . Final validation and performance comparison with other methods currently available were recently published (27) . HOMA samples were drawn from an antecubital cannula, the sampled arm being wrapped in electric blankets to provide arterialized blood. Immediately after insertion of the cannula, three fasting samples were taken at 5-min intervals for both insulin and glucose assays used for modeling, with oral antidiabetic drugs and/or insulin withdrawn 24 h before sampling.
HOMA was obtained at the time of the study in 22 (58%) and 56 (67%) subjects in groups 1 and 2, respectively. The clinical and biological characteristics of the subjects in both groups were not different in regard to whether they had a HOMA test performed (data not shown).
Assessment of chronic complications
Hypertension was considered in all patients treated with antihypertensive drugs and/or in subjects previously diagnosed with high blood pressure (BP) levels (systolic BP Ͼ140 and diastolic BP Ն90 mmHg). Macroangiopathy was considered in subjects who met the following three conditions: 1) having a history of a cardiovascular event and/or the presence of angina and/or permanent ischemic electrocardiogram abnormalities at rest or ischemic abnormalities in a stress test (usually combined with a cardiac noninvasive imaging technique); 2) having claudication and/or abolished peripheral pulses and/or foot lesions due to vascular disease demonstrated by Doppler echography and/or angiography; or 3) having carotid vascular disease, as assessed by Doppler echography. Microalbuminuria was defined as urinary albumin concentrations between 20 and 200 mg/l, assessed through immunonephelometry (BN II; Dade Behring, Deerfield, IL), or as urinary albumin excretion between 30 and 300 mg/24 h. Proteinuric nephropathy was considered in the presence of gross albuminuria and/or macroproteinuria (Albustix [Ames] positive). Creatinine clearance values were calculated by the Cockroft-Gault formula. Retinopathy was diagnosed on the basis of direct ophthalmoscopy (through a dilated pupil) by an experienced ophthalmologist and/or by fluorescein angiography. Peripheral neuropathy was assessed by questioning patients about symptoms of neuropathy, including paresthesia, dulled sensation, and pain in legs and feet, and was based on clinical examination (i.e., measuring abnormal knee/ankle reflexes and a Semmes-Weinstein monofilament) and confirmed by measurement of conduction velocities of ulnar (motor and sensory), tibial, peroneal, and sural nerves. Data are means ± SD or % unless otherwise indicated.
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Statistics
Results are presented as means ± 1 SD or median (25th to 75th percentile). The significance of differences between group means were assessed by a two-sided Student' s t test or an alternate t test and by Fisher' s exact test for differences in proportions between groups. Logistic regression was performed with backward selection of variables, using macroangiopathy as a dependent variable. Results were considered significant or nonsignificant for P Յ or Ͼ0.05, respectively. Table 1 shows the clinical characteristics of both groups of patients with and without increased tHcy. Group 1 subjects were older by an average of 5 years (66 ± 10 vs. 61 ± 10 in group 2, P Ͻ 0.02). The subjects were otherwise comparable in regard to their sex ratio, diabetes duration, positive family history for diabetes or cardiovascular disease, blood pressure levels, and smoking status. BMIs and waist-to-hip ratios were also similar. There was no significant difference in diabetes treatment allocation between groups, although group 1 subjects were less frequently treated with oral antidiabetic drugs and more frequently given exogenous insulin. Patients in group 1 were more frequently treated with lipid-and/or BP-lowering drugs (43 vs. 23%, P Ͻ 0.05; 84 vs. 65%, P = 0.05, respectively). As shown in Table 2 , HbA 1c levels were 8.2 ± 1.7 and 8.8 ± 2.0% in patients with hyper-and normohomocysteinemia, respectively (NS), whereas fasting lipids were comparable in the two groups.
RESULTS -
The prevalence of macroangiopathy was significantly higher in group 1 (with hyperhomocysteinemia) than in group 2 (70 vs. 42%, P Ͻ 0.01) (Fig. 1) . The prevalence of coronary artery disease was significantly higher in group 1 (46 vs. 21%, P Ͻ 0.02), while peripheral and carotid atherosclerotic disease prevalence, although higher in the presence of hyperhomocysteinemia, did not reach significant levels (36 vs. 20% and 14 vs. 6% for groups 1 and 2, respectively). Hypertension was present in 84 and 63% of the patients in groups 1 and 2, respectively (P Ͻ 0.05).
The proportion of patients with microalbuminuria or albuminuria was comparable in both groups, whereas the prevalence of impaired renal function, evidenced by decreased calculated creatinine clearance, was significantly higher in group 1 ( Table 3) . The relationship between tHcy and creatinine clearance in both groups is illustrated in Fig. 2 (r = Ϫ0.372; P Ͻ 0.001). When group 1 subjects were compared with an age-and creatinine clearance-matched subgroup with normal tHcy (drawn from group 2, n = 35), the prevalence of macroangiopathy was still higher (70 vs. 50%, P = 0.05).
Multiple logistic regression with macroangiopathy (dependent entry) against eight variables (tHcy, age, diabetes duration, smoking, BMI, creatinine clearance, hypertension, and the total-to-HDL cholesterol ratio) showed an independent association of macroangiopathy with tHcy (P = 0.05), diabetes duration (P Ͻ 0.01), and smoking status (P = 0.014).
On the other hand, no differences were found for retinopathy (45 vs. 42% in groups 1 and 2, respectively) or peripheral neuropathy (70 vs. 59%) ( Table 3) .
The degree of insulin resistance estimated by HOMA was similar in groups 1 and 2, respectively (insulin sensitivity index [S I ] 46 ± 21 and 42 ± 20%, NS), as was the assessment of ␤-cell function (63 ± 28 and 65 ± 46%, NS) (Fig. 3) . Likewise, there was no difference in values when patients in both groups treated exclusively with oral antihyperglycemic drugs (i.e., without insulin administration) were considered (HOMA of S I 50 ± 22% vs. 44 ± 22% [NS] and HOMA of ␤-cell function 85 ± 75 vs. 69 ± 25% [NS] in groups 1 and 2, respectively).
Folic acid levels, although still in the normal range, were significantly lower in patients with hyperhomocysteinemia than in those with normal tHcy (5.2 ± 2.9 vs. 7.0 ± 3.4 ng/ml, P Ͻ 0.01). Vitamin B 12 was slightly (but not significantly) lower in patients in group 1 than in patients in group 2. When subjects in both groups with creatinine clearance Ն50 ml/min were combined and divided according to whether they were treated with fibrates (23%) or not (77%), higher tHcy levels were found in fibrate-treated patients than in non-fibrate-treated patients (17 ± 5 vs. 13 ± 6 µmol/l, P = 0.0016). However, folic acid and vitamin B 12 were comparable (6.3 ± 4.0 vs. 6.5 ± 4.0 ng/ml and 460 ± 202 vs. 582 ± 393 µg/ml, respectively). The prevalence of macroangiopathy (36 vs. 47%) and coronary (28 vs. 28%) and peripheral (8 vs. 21%) vascular disease were not significantly different in both fibrate-treated and non-fibrate-treated groups.
Finally, when patients in both group 1 and group 2 with creatinine clearance Ն50 ml/min were combined and divided according to whether they were treated with metformin (66%) or not (34%), no differences in tHcy levels were found between the metformin-treated patients and the non-metformin-treated patients (12.3 ± 5.3 vs. 13.2 ± 6.2 µmol/l, respectively). Similarly, folic acid levels (6.4 ± 3.0 vs. 6.1 ± 3.6 ng/ml) and vitamin B 12 status (501 ± 347 vs. 596 ± 352 µg/ml) were comparable in metformintreated patients and non-metformin-treated groups, respectively.
CONCLUSIONS -
The overall prevalence of hyperhomocysteinemia was high in type 2 diabetic subjects; 31% of the subjects had values Ͼ15 µmol/l. There is still debate over the significance of hyperhomocysteinemia in type 2 diabetes and its association with the risk for developing macroangiopathy. Chico et al. (11) reported comparable levels of tHcy in a group of 90 patients with and without macroangiopathy.
By contrast, other studies found a significant association between fasting (and/or postmethionine loading) hyperhomocysteinemia and vascular disease (7, 14, 15) . Our data are in agreement with the latter observations; we found that high levels of fasting tHcy are associated with a higher prevalence of macroangiopathy, and, like Hoogeveen et al. (28), we observed that vascular disease in these patients affected the coronary as well as the peripheral vessels.
In nondiabetic subjects, hyperhomocysteinemia is often a feature of end-stage renal disease (29, 30) . Similarly, in type 1 and 2 diabetes, it is associated with established nephropathy, particularly when the latter is defined according to filtration indexes (6, 14, (16) (17) (18) . However, the relationship between hyperhomocysteinemia and both microalbuminuria and albuminuria is more problematic, with positive correlations being observed by several authors (8, 11, 12) but not confirmed by others (6, 7, 14, 16) . Our own data show that patients with hyperhomocysteinemia have a significantly higher prevalence of impaired renal function (as measured by creatinine clearance) than subjects with normal tHcy levels, while there was no difference when microalbuminuria or albuminuria was used as a surrogate marker of impaired renal function.
The precise relationship among hyperhomocysteinemia, macroangiopathy, and renal disease in type 2 diabetes has not yet been determined. In our series, the difference in macroangiopathy prevalence in subjects with hyperhomocysteinemia was associated with higher nephropathy prevalence; therefore, it could not be excluded that renal impairment per se partly contributed to the development of macroangiopathy. On the other hand, hypertension and the use of BP-lowering drugs were more frequent in the subjects with hyperhomo- Data are means ± SD or % unless otherwise indicated. *Values were reached using the Cockroft-Gault formula. 
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cysteinemia, which could also account for the development of macroangiopathy, as suggested by Fiorina et al. (31) . Finally, it can be anticipated from the use of hypolipidemic drugs, particularly fibrates, that patients with high tHcy levels were more often dyslipidemic. Nevertheless, multiple regression analysis disclosed an independent association between macroangiopathy and tHcy when major variables (e.g., creatinine clearance, hypertension, and dyslipidemia) were taken into account. Recent data from Donner et al. (32), Christen et al. (33) , and Meleady and Graham (34) suggest that high levels of tHcy could be the result of macroangiopathy-not its causal factor. Our results suggest that elevated tHcy in type 2 diabetes are independently associated with macroangiopathy, although the study design was cross-sectional and does not allow us to define the causality direction for this association. Further studies will determine if high tHcy levels are a primary independent risk factor or a marker of atherosclerosis. Hyperhomocysteinemia could cause macroangiopathy directly or indirectly (via renal dysfunction and/or hypertension) through the hypothesized mechanism of endothelium damage (12, 35, 36) . Insulin resistance is considered as an independent risk factor (4,37), and a possible relationship between tHcy levels and features of insulin resistance has been suggested. Meigs et al. (38) concluded that marked hyperhomocysteinemia could be a feature of insulin resistance on the basis of fasting and post-oral glucose tolerance test insulin levels in nondiabetic subjects. This association was challenged by Bar-On et al. (39), who reported a negative correlation between tHcy and insulin levels. Our data showed a comparable decrease in insulin sensitivity in type 2 diabetic subjects with and without hyperhomocysteinemia. We used the HOMA model, which is validated for determining the degree of insulin resistance and ␤-cell function (21) (22) (23) (24) (25) (26) (27) . Although the type of subjects and/or the methodology used for evaluating insulin resistance could eventually account for some of the observed differences between studies, our data suggest that hyperhomocysteinemia in type 2 diabetes is not associated with vascular damage via a mechanism involving dissimilar degrees of insulin sensitivity.
As far as other chronic complications of diabetes are concerned, we found no correlation between tHcy levels and retinopathy, which is in agreement with other data reported in type 2 diabetes (11, 18) . Similarly, no relationship with neuropathy could be demonstrated, as already documented for type 1 and 2 diabetes (9, 40) . However, it is of interest to note that Stabler et al. (18) observed higher tHcy levels in type 2 diabetic patients when neuropathy was present.
Plasma folate is clearly the most important determinant of fasting tHcy. Thus, Guttormsen et al. (41) and others (42) have reported an association between the status of plasma folate and levels of tHcy. Our data are in agreement with those observations, because we found the folic acid concentrations to be lower (though still in the normal range) in patients with high tHcy levels.
The reason why plasma folate was lower in diabetic patients with hyperhomocysteinemia than in subjects with normal levels remains equivocal. No difference was observed between groups for alcohol and/or coffee consumption (data not shown), both of which are potentially able to account for the difference (43) . Smoking habits were also comparable. The prevalence of gastroparesis (evaluated by gastric emptying studies) was also comparable between groups (data not shown). Therefore, our observations could be caused by other subtle dietary differences (especially cereal and/or vitamin intake) (44) and should thus be extended to include measurement of folates in erythrocytes, which could reflect the body' s folate reserves better than values for plasma folate alone.
In agreement with and extending our observations, Boushey et al. (45) , Malinow et al. (44) , and Jacques et al. (46) suggested that dietary supplementation with folic acid and/or vitamin B 12 could be useful in patients with hyperhomocysteinemia, in particular when macroangiopathy was present. Preliminary data suggest that progression of carotid atherosclerotic plaques could be retarded by vitamin supplementation (47) .
In nondiabetic individuals, the use of fibrates for treating hyperlipidemia could potentially be a confounding factor for hyperhomocysteinemia (48) . In our diabetic patients, we also observed higher tHcy levels when fibrates were administered, although in fibrate-treated and non-fibrate-treated patients, folic acid and vitamin B 12 levels were comparable, as was the prevalence of macroangiopathy.
Another possible confounding factor is metformin usage. Carlsen et al. (49) reported that metformin therapy was associated with increased tHcy levels in nondiabetic subjects with cardiovascular disease. However, we found no significant difference between plasma tHcy concentrations in metformin-treated and non-metformintreated diabetic patients, in accordance with Hoogeveen et al. (50) .
In conclusion, the present study shows that elevation of plasma tHcy levels in type 2 diabetic subjects is associated with a higher prevalence of macroangiopathy and impaired renal function when assessed by a creatinine clearance index. The precise physiopathological mechanisms by which hyperhomocysteinemia is associated with Buysschaert and Associates macroangiopathy is still being debated. Our data suggest that hyperhomocysteinemia is not associated with different degrees of insulin resistance. On the other hand, we report lower levels of folic acid in diabetic subjects with hyperhomocysteinemia, though still in the normal laboratory range. Further prospective studies are needed to determine whether dietary supplementation with this nutrient or other interventions aimed at decreasing plasma tHcy could reduce cardiovascular morbidity and mortality in type 2 diabetes.
